Resting-state functional connectivity (FC), which measures the correlation of spontaneous hemodynamic signals (HemoS) between brain areas, is widely used to study brain networks noninvasively. It is commonly assumed that spatial patterns of HemoSbased FC (Hemo-FC) reflect large-scale dynamics of underlying neuronal activity. To date, studies of spontaneous neuronal activity cataloged heterogeneous types of events ranging from waves of activity spanning the entire neocortex to flash-like activations of a set of anatomically connected cortical areas. However, it remains unclear how these various types of large-scale dynamics are interrelated. More importantly, whether each type of large-scale dynamics contributes to Hemo-FC has not been explored. Here, we addressed these questions by simultaneously monitoring neuronal calcium signals (CaS) and HemoS in the entire neocortex of mice at high spatiotemporal resolution. We found a significant relationship between two seemingly different types of large-scale spontaneous neuronal activity-namely, global waves propagating across the neocortex and transient coactivations among cortical areas sharing high FC. Different sets of cortical areas, sharing high FC within each set, were coactivated at different timings of the propagating global waves, suggesting that spatial information of cortical network characterized by FC was embedded in the phase of the global waves. Furthermore, we confirmed that such transient coactivations in CaS were indeed converted into spatially similar coactivations in HemoS and were necessary to sustain the spatial structure of Hemo-FC. These results explain how global waves of spontaneous neuronal activity propagating across large-scale cortical network contribute to Hemo-FC in the resting state.
R esting-state functional connectivity (FC) (1) , which measures the temporal correlation of spontaneous hemodynamic signals (HemoS), is widely accepted as a core noninvasive tool to infer the functional network organization of brains in humans and other animals (2) (3) (4) (5) (6) . Recent studies further suggest that HemoS-based FC (Hemo-FC) is sensitive enough to detect network-level functional changes due to behavioral training (7) , wakefulness levels (8) , and psychiatric diseases (9) (10) (11) (12) . It is commonly assumed that spatial organization of Hemo-FC and its state-dependent changes reflect large-scale spatiotemporal dynamics of spontaneous neuronal activity that is converted into HemoS (13) . However, previous studies supporting the link between neuronal activity and Hemo-FC were limited to observations from small numbers of selected brain areas (14) (15) (16) (17) (18) (19) (20) . Moreover, in most studies, neuronal activity and HemoS were recorded in separate experimental sessions (14, 15, 18, 19) . Thus, direct evidence linking large-scale dynamics of spontaneous neuronal activity and Hemo-FC is still lacking.
To date, optical imaging and electrophysiological studies in animals have reported multiple heterogeneous dynamics of large-scale spontaneous neuronal activity (16, (21) (22) (23) (24) (25) (26) (27) (28) . Waves of activity that propagate across the cortical network are commonly observed across different experimental setups (16, (21) (22) (23) (24) (25) (26) . Recent fMRI studies by Mitra and coworkers (29) (30) (31) revealed that such large-scale propagation structure of spontaneous activity indeed has spatial information leading to Hemo-FC. Studies using voltage-sensitive dye imaging reported more complex dynamics, such as spiral waves confined within a cortical area (27) and transient neuronal coactivations among a subset of anatomically connected cortical areas (28) . In relation to Hemo-FC, the latter type of activity, transient neuronal coactivations, is particularly interesting. Given the close correspondence between anatomical connectivity and Hemo-FC (32) , it is tempting to speculate that such neuronal coactivations are converted into spatially similar coactivations in HemoS (33) that in turn produce spatial patterns of Hemo-FC.
However, several gaps must be bridged before establishing a connection between large-scale dynamics of neuronal activity and Hemo-FC. In particular, it is important to clarify the relationship between two types of spontaneous neuronal activitynamely, the global waves (16, (21) (22) (23) (24) (25) (26) and the transient coactivations (28) . One possibility is that the transient coactivations are caused by brief synchronization and desynchronization of neuronal activity in subsets of brain areas (34) and thus are distinct from the global waves. If this possibility were true, how
Significance
Resting-state functional connectivity (FC) is a commonly used method in neuroimaging to noninvasively study network organization of brains in humans and other animals. FC is reproducible across different institutions and sensitive enough to detect network changes due to psychiatric disorders. FC is thus a core tool for projects such as the Human Connectome Project. However, because hemodynamic signals are an indirect measure of neuronal activity, actual spatiotemporal neuronal activity underlying FC is still unknown. This study used simultaneous wide-field optical imaging of neuronal calcium signals and hemodynamic signals in transgenic mice to understand the spatiotemporal neuronal dynamics underlying FC. Transient spatial patterns of neuronal coactivations embedded within waves of activity propagating across neocortex were found to be particularly important for FC. In the present study, we devised simultaneous wide-field imaging of calcium and intrinsic optical signals (36) that allowed us to monitor calcium signals (CaS) that reflect neuronal spiking activities (37) and HemoS at high spatiotemporal resolution in the entire dorsal neocortex of transgenic mice expressing a genetically encoded calcium indicator (38) . Using lightly anesthetized mice, we found that transient neuronal coactivations occurred in subsets of cortical areas sharing high FC. Such neuronal coactivations were often embedded within the global waves of spontaneous neuronal activity that frequently propagated across the entire neocortex. Furthermore, we found that such neuronal coactivations were indeed followed by spatially similar coactivations in HemoS with a hemodynamic delay of a few seconds. Finally, we confirmed that the presence of the neuronal coactivations was necessary for setting the spatial structure of Hemo-FC.
Results

Spontaneous HemoS Correlated with Simultaneously Recorded CaS
with a Hemodynamic Delay. Transgenic mice expressing GCaMP3 in neocortical excitatory neurons (38) were used to simultaneously image CaS and HemoS from almost the entire neocortex (Fig. 1A) . Because an increase in neuronal activity was expected to cause a decrease in HemoS measured at 625 nm (36), we inverted HemoS in the following analyses. Continuous imaging of the resting brain revealed complex dynamics of spontaneous neuronal activity consisting of various, mostly left-right symmetric spatial patterns in CaS as well as in HemoS, with CaS showing faster dynamics than those of HemoS (Movie S1). To examine the relationship between simultaneously recorded CaS and HemoS, we first compared the time courses of CaS and HemoS averaged in a small region of interest (ROI) defined by anatomical positions (Fig. S1A) . As expected from the presence of hemodynamic delay, CaS and HemoS measured in the same ROIs exhibited similar time courses with HemoS lagging behind CaS by a few seconds (Fig. 1A, Inset) . Cross-correlation analysis confirmed that, on average, spontaneous HemoS lagged behind CaS by ∼2 s (2.0 ± 0.22 s, mean ± SEM; Fig. 1B) . A hemodynamic delay of ∼2 s was also observed in control experiments (Fig. S1 B and C). In addition to the hemodynamic delay, a high-frequency component of CaS also appeared attenuated in HemoS most likely due to the low-pass filtering effect of the hemodynamic response function or to the insensitivity of HemoS to high-frequency neural activity (39) (40) (41) (Fig. S1D ; only high-pass filter at 0.01 Hz was used both for CaS and HemoS). These results confirmed that our simultaneous imaging setup allowed us to monitor large-scale spatiotemporal neuronal activity as well as HemoS originating from them.
Spatial Maps of FC Were Similar for CaS and HemoS. To examine the overall correspondence between the spatial structure of spontaneous neuronal activity and HemoS, we compared the spatial patterns of CaS-based FC (Ca-FC) and Hemo-FC across the whole brain. Spatial maps of Ca-FC and Hemo-FC that were obtained using the same seed location appeared very similar ( , t test; Fig. 1D , Inset). These results corroborate the notion that Hemo-FC reflects underlying neuronal activity (15, 18, 19) .
Spontaneous Waves of CaS Frequently Propagated Across the Whole
Brain. The goal of the present study is to understand how largescale dynamics of neuronal activity is reflected in the spatial structure of Hemo-FC. To this end, we next examined large-scale spatiotemporal dynamics of CaS and HemoS. When we visually inspected movies of spontaneous CaS, we immediately noticed the frequent occurrence of waves of activity that propagated across almost all of the imaged cortical regions ( Fig. 2A, Fig.  S3A , and Movie S2) (16, (21) (22) (23) (24) (25) (26) . We found that such global brain activity (GBA) identified in CaS was mostly followed by brainwide activity in simultaneously recorded HemoS with a delay of a few seconds (Fig. S3A ). [We note that, in some cases, when strong HemoS was present in large blood vessels, clear divergence between CaS and HemoS during GBA was observed ( Fig.  S3B ; see SI Text for details)]. To quantify the relationship between CaS and HemoS during GBA, we detected epochs corresponding to GBA using the time course of the proportion of active pixels in the brain (Fig. 2B) . For each GBA, we then computed the global signal (GS), which is a signal averaged across all pixels in the cortex. A cross-correlation between GS in CaS and HemoS showed a maximum positive correlation with a time lag of ∼2 s (Fig. S3C ), suggesting that Hemo-GS significantly reflected neuronal activity during GBA (16) .
GBA Showed Characteristic Pattern of Activity Propagation. The duration of GBA was ∼5 s with its distribution well fit by a log-normal distribution (Fig. 2C) . Interestingly, the frequency of GBA was 0.045 ± 0.031 Hz (mean ± SD, n = 71 scans; Fig. 2C , Inset), which falls inside a frequency range considered to be most relevant for resting-state FC in fMRI (0.01-0.1 Hz) (44, 45) . We thus further examined the spatiotemporal dynamics of GBA and searched for a potential link with FC. In many cases, GBA originated from the anterior part of the neocortex and then propagated posteriorly ( Fig. 2A and Fig. S3A ). Overall, we found a moderate but significant bias toward anteriorto-posterior propagation of GBA ( Fig. 2D and Fig. S4 ). The presence of such bias in the propagation of spontaneous neuronal activity is consistent with a recent imaging study in mice (22) and resembles activity propagation during the slow wave sleep in humans (23) . We focused on a subset of GBA showing prominent anterior-to-posterior propagation (AP-GBA) [37% of GBA classified as AP-GBA for the representative animal and 38 ± 4.9% for all animals (mean ± SEM, n = 7)]. To visualize the average pattern of activity propagation during AP-GBA, we constructed spike-triggered average (STA) movies using spike-like transients in the time course of CaS (22) (Fig. S5A ). Fig. 2E shows the example STA movie with the seed placed at right S1. Notably, the STA movie revealed that different sets of cortical areas were activated at different phases of AP-GBA: (i) The anterior regions were first activated at around -0.6 to -0.2 s. (ii) Then, the middle regions including S1 were activated at around -0.2 to 0.2 s. (iii) Finally, the posterior regions including V1 were activated at around 0.2 to 0.6 s The spatial map of the peak time in each pixel further revealed sequential activation of cortical areas (Fig. 2F ).
Transient Coactivations Resembling FC Maps Were Embedded in GBA.
Interestingly, spatial maps of cortical areas sharing similar peak time resembled maps of Ca-FC with various seed locations ( , t test; Fig. 2G, Inset) , confirming that areas that had similar peak times shared high Ca-FC. The result was also significant with partial correlation analysis that controlled for the effect of the distance between the pairs of ROIs (P < 0.0062, t test) and robust against change of thresholds used in the analysis (Fig. S5B) . To see whether this relationship between the time lag and FC is specific to AP-GBA or is general phenomena in the data, we next analyzed the relationship between time lag and FC using all of the data. To avoid cancelation between activity propagation going in different directions, we used absolute values of the time lag ( Fig. S5C ; SI Materials and Methods). The negative correlations between Ca-FC, as well as Hemo-FC, and the median of the absolute values of the time lag across ROI pairs were also seen for data across all time periods (Fig. 2H and Fig. S6 ).
Comparison with simulations suggested that such negative correlations indicate FC arising from propagating activity rather than that arising from nonpropagating flash-like coactivations (34) (see Fig. S6 and SI Text for details).
Furthermore, we found consistent relationship between activity propagation and FC, in CaS and HemoS, using analysis recently developed by Mitra and coworkers (29) (30) (31) (Fig. S2 and SI Text) .
Observed similarity between the maps of Ca-FC and different phases of AP-GBA motivated us to compare frame-to-frame activity patterns of CaS with the maps of Ca-FC. Consistent with a recent VSD imaging study (28) , we frequently observed snapshots of coactivations of distant brain areas closely resembling the maps of Ca-FC (Fig. 3A, Upper) . Coactivations resembling . **P < 3 × 10 −6 (t test, n = 7). (Scale bars, 5 mm.) different maps of Ca-FC often occurred in sequences (Fig. 3B,  Upper, arrowheads) . To quantify coactivations in CaS, we adopted the analysis developed in the previous VSD study (28) : We first calculated the time course of the correlation between the activity pattern in each frame and the FC maps of selected seeds (Fig. 3B) . We then defined image frames whose spatial correlation with FC maps exceeded a threshold value as "Ca motifs". We found that Ca motifs occurred more often during GBA than non-GBA periods (P < 0.0006, paired t test; Fig. 3C ). These results suggest that the phase of GBA encoded spatial maps of FC.
Simultaneous Imaging Revealed Significant Coupling Between
Coactivations in CaS and HemoS. In HemoS, we also found transient coactivations that closely resembled spatial patterns of Hemo-FC (Fig. 3A, Lower) (33, 46) . In accord with the notion that neuronal coactivation caused coactivation in HemoS, we frequently found transient coactivations in CaS preceding spatially similar coactivations in HemoS with a delay of ∼2 s (Fig. 3D) . To quantitatively examine the relationship between coactivations in CaS and HemoS, we defined Hemo motifs using the same procedure used to define Ca motifs. We then calculated the probability of a Ca motif being followed by a Hemo motif of the same seed (follower-Hemo motif; Fig. 4A , Upper) as well as the probability of a Hemo motif being preceded by a Ca motif of the same seed (leader-Ca motif; Fig. 4A, Lower) . For all seeds, the probability of finding the follower Hemo motif [Pr(follower Hemo)] as well as the probability of finding the leader Ca motif [Pr(leader Ca)] was larger than that of trial-shifted controls (Fig. S7A) . Pr(follower Hemo) and Pr(leader Ca) for all motifs across seeds were 30 ± 6.2% and 47 ± 7.9% (mean ± SEM, n = 7 mice), respectively. When the motifs of the left and right hemisphere seeds were merged to account for a high correlation of spontaneous activity in the left and right hemispheres, the detection probability increased to 38 ± 5.1% and 59 ± 5.0%, respectively for Pr(follower Hemo) and Pr(leader Ca) (mean ± SEM, n = 7 mice). Both Pr(follower Hemo) and Pr(leader Ca) were significantly higher than their trialshifted controls (P < 0.016 for both, paired t test, n = 7 mice; Fig. S7 B and C). These results suggest that coactivations in CaS caused spatially similar coactivations in HemoS.
Factors Modulating the Coupling Between the Coactivations in CaS
and HemoS. Because the coupling between Ca motifs and Hemo motifs was less than 100%, we searched for factors that might modulate the coupling between them. We hypothesized that Ca motifs that were spatially more similar to FC maps (i.e., less neuronal noise added to the motif-type activity) were more likely to be converted into follower Hemo motifs compared with Ca motifs that were noisy and dissimilar to FC maps. To test this hypothesis, for each motif frame, we defined the motif strength as the spatial correlation between activity patterns in the motif frame and the FC map of the selected seed. As expected, the motif strength of Ca motifs positively correlated with Pr(follower Hemo) (R = 0.25, P < 0.033; Fig. 4B) . Similarly, the motif strength of Hemo motifs positively correlated with Pr(leader Ca) (R = 0.44, P < 0.0002; Fig. 4C) . Thus, the coupling between Ca motifs and Hemo motifs were modulated by the motif strength.
Next, based on the observation that CaS and HemoS decoupled in the presence of large nonneuronal noise (Fig. S3 B and E) , we examined the effect of nonneuronal noise on the coupling between Ca motifs and Hemo motifs. The strength of nonneuronal noise was quantified by averaging HemoS in the blood vessels (BV signal). We found that Pr(follower Hemo) was negatively correlated with BV signals at the time of motif frame (R = -0.38, P < 0.001; Fig. 4D ), suggesting that Ca motifs were less likely to be converted into Hemo motifs in the presence of large nonneuronal noise. However, Pr(leader Ca) did not show a significant correlation with BV signals (R = -0.064, P > 0.59; Fig. 4E ). Use of the global signal regression (GSR), a commonly used method for removing nonneuronal noise in HemoS (47), significantly improved the coupling between Ca motifs and Hemo motifs ( Fig. S8 and SI Text). Notably, after GSR, Pr(follower Hemo) approached 75.6% for Ca motifs with the highest level of motif strength (Fig. S8G) . Taken together, these results suggest that in most cases, strong coactivations in CaS are converted into spatially similar HemoS. In other cases, the conversion failed due to the presence of strong nonneuronal noise in HemoS.
Coactivations in CaS Were Necessary to Set Spatial Patterns of Hemo-FC. Finally, we asked whether the presence of Ca motifs was indeed necessary for setting the spatial pattern of Hemo-FC. The hypothesis is that the similarity between Ca-FC and Hemo-FC is derived from the similarity between Ca-FC (using all of the frames) and Hemo-FC during Ca motifs. A prediction according to this hypothesis is that if we take the time period when Ca motif is absent, then the spatial similarity between Ca-FC and Hemo-FC during this period should be low. To quantitatively examine this prediction, we defined a no-Ca motif period for each anatomical seed as the sustained time period (>2.5 s) when the spatial correlation between Ca-FC and the activity patterns in each CaS-frame was continuously low (Fig. S9A ). To compare with no-Ca motif period, we also defined a Ca motif period by selecting the same number of frames but with high spatial correlation with Ca-FC. Note that the selection of a no-Ca motif period and Ca motif period only uses CaS and does not rely on similarity between Ca-FC and Hemo-FC. We then calculated Hemo-FC separately for a no-Ca motif period and a Ca motif period and compared each of them with Ca-FC calculated using all of the frames (Fig. S9A) . Consistent with our hypothesis, the spatial correlation between Ca-FC and Hemo-FC during the noCa motif period, averaged across seeds for each animal, was low (0.059 ± 0.054, mean ± SEM) and significantly smaller than that calculated using Hemo-FC during the Ca motif period (0.34 ± 0.040, mean ± SEM; P < 0.034, paired t test; Fig. 5A ). The difference was insensitive to the level of threshold for detecting a noCa motif period (Fig. S9B ) and was consistent across anatomical seeds (Fig. S9C) . These results suggest that the presence of Ca motifs was necessary for setting the spatial patterns of Hemo-FC.
Discussion
Using simultaneous wide-field imaging of CaS and HemoS, we investigated whether and how the brain-wide spatiotemporal dynamics of spontaneous neuronal activity were converted into the spatial patterns of Hemo-FC. The present results collectively indicate a scenario connecting the spatiotemporal dynamics of spontaneous neuronal activity and a particular spatial pattern of Hemo-FC ( Fig. 5B ; see SI Text for further discussion). First, propagating spontaneous neuronal activity results in synchronous neuronal coactivations across brain areas connected with high Ca-FC. Such coactivations in CaS, often embedded in GBA, are then converted into spatially similar coactivations in HemoS under the conditions that the coactivations in CaS are strong enough (Fig. 4B ) and large nonneuronal noise is absent (Fig.  4D) . Finally, a seed-based temporal correlation gives rise to the spatial pattern of Hemo-FC by collecting the spatial information of the coactivations in HemoS [ Fig. 5A ; and see Though previous electrophysiological and imaging studies reported heterogeneous large-scale dynamics of spontaneous neuronal activity (21) (22) (23) (24) (25) (26) (27) (28) , considerable numbers of studies using different experimental setups repeatedly observed waves of neuronal activity similar to GBA (16, (21) (22) (23) (24) (25) (26) , suggesting that GBA is a dominant type of dynamics in the resting cortical network. Given the prevalence of GBA, its relationship to Hemo-FC in the resting state has been underappreciated. By simultaneously imaging CaS and HemoS, we found evidences that GBA is indeed linked to Hemo-FC. First, the frequency of GBA was within the range of frequency band considered to be most relevant for Hemo-FC in the resting state (Fig. 2B) (44, 45) . Second, and more importantly, GBA recruited specific spatial patterns of neuronal coactivations that ultimately contributed to the spatial patterns of Hemo-FC (Fig. 3C and Fig. 5A) . By showing the link among GBA, neuronal coactivations, and Hemo-FC, the present study brings together a broad range of studies, from VSD imaging in mice to resting-state fMRI in humans, and forms the basis to understand them on a unified basis.
It is important to note that the present results are derived from lightly anesthetized mice. Spontaneous activity in the infra-slow range could be modulated by behavioral state of the animal (31, 48) . Thus, particular propagation structures found in the present study under anesthesia, such as anterior-to-posterior propagation of GBA (see below for further discussion), could appear different in awake states. Nevertheless, it is also known that resting-state networks persist across various behavioral states, including wakefulness, natural sleep, and anesthetized state (28, (49) (50) (51) , and similar dynamics such as coactivation of resting-state network (RSN) (28, 49) and GBA (52), exist both in anesthetized and awake states. In addition, the use of anesthesia can eliminate potential effects of body movement that is known to contaminate estimation of FC in wake states (53) .
Physiological significance of GBA still remains an open question, but there exist some hints in recent literature. An electrophysiologytriggered fMRI showed global neocortical activation similar to GBA associated with hippocampal ripples (52) . Consistently, a calcium imaging study in mice reported large-scale flow of spontaneous CaS (22) that resembled anterior-to-posterior propagation of neuronal activity during sharp-wave ripples (23) . A recent fMRI study also found anterior-to-posterior bias of activity propagation during slow wave sleep (31) . Consistent with these studies, we found moderate but significant bias toward anterior-to-posterior propagation of activity in GBA. These reports collectively indicate a potential role of GBA in brain-wide memory consolidation associated with the ripples (54) the activity propagation during spindle waves and RSNs found in the present study (Fig. 2 E-G) would be important for understanding brain-wide memory consolidation. Because several fMRI studies have reported changes in Hemo-FC after task learning (7, 55) and during sleep (8) , it is of great interest for future studies to see how the behavioral context influences the dynamics of GBA as well as Hemo-FC arising from it. Application of wide-field imaging to awake mice (21) would be useful to investigate these questions.
Materials and Methods
Transgenic mice expressing GCaMP3 in excitatory neurons (38) (P60-P90) were prepared for in vivo wide-field simultaneous imaging. Simultaneous imaging of calcium and intrinsic signals in vivo was performed using a macro zoom fluorescence microscope (MVX-10; Olympus). Calcium and intrinsic signals were recorded at 10 Hz and 5 Hz, respectively. All experiments were carried out in accordance with the NIH Guide for the Care and Use of Laboratory Animals and the institutional animal welfare guidelines laid down by the Animal Care and Use Committee of Kyushu University. The study was approved by the Ethical Committee of Kyushu University.
